ϩ exchanger (NHE) regulatory factor 2 (NHERF2) is necessary for multiple aspects of acute regulation of NHE3 in intact mouse small intestine, distal ileal NHE3 activity was determined using two-photon microscopy/SNARF-4F in a NHERF2-null mouse model. The NHERF2-null mouse ileum had shorter villi, deeper crypts, and decreased epithelial cell number. Basal rates of NHE3 activity were reduced in NHERF2-null mice, which was associated with a reduced percentage of NHE3 in the apical domain and an increase in intracellular NHE3 amount but no change in total level of NHE3 protein. cAMP, cGMP, and elevated Ca 2ϩ due to apical exposure to UTP all inhibited NHE3 activity in wild-type mouse ileum but not in NHERF2-null mice, while inhibition by hyperosmolarity occurred normally. The cAMP-increased phosphorylation of NHE3 at aa 552; levels of PKAII␣ and cGMP-dependent protein kinase II (cGKII); and elevation of Ca 2ϩ were similar in wild-type and NHERF2-null mouse ileum. Luminal lysophosphatidic acid (LPA) stimulated NHE3 in wild-type but not in NHERF2-null ileum. In conclusion, 1) there are subtle structural abnormalities in the small intestine of NHERF2-null mouse which include fewer villus epithelial cells; 2) the decreased basal NHE3 activity and reduced brush border NHE3 amount in NHERF2-null mice show that NHERF2 is necessary for normal basal trafficking or retention of NHE3 in the apical domain; 3) hyperosmolar inhibition of NHE3 occurs similarly in wild-type and NHERF2-null ileum, demonstrating that some inhibitory mechanisms of NHE3 are not NHERF2 dependent; 4) cAMP inhibition of NHE3 is NHERF2 dependent at a step downstream of cAMP/PKAII phosphorylation of NHE3 at aa 552; 5) cGMP-and UTP-induced inhibition of NHE3 are NHERF2 dependent at steps beyond cGKII and the UTP-induced increase of intracellular Ca 2ϩ ; and 6) LPA stimulation of NHE3 is also NHERF2 dependent. Ca 2ϩ ; adenosine 3=,5=-cyclic monophosphate; guanosine 3=,5=-cyclic monophosphate; trafficking; Na ϩ /H ϩ exchanger regulation; Na ϩ /H ϩ exchanger regulatory factor; lysophosphatidic acid THE BRUSH BORDER sodium/hydrogen exchanger, NHE3, belongs to the SLC9A gene family of proteins and is predominantly expressed in the apical surface of small and large intestine and proximal tubules of the kidney where it accounts for the majority of intestinal and renal Na ϩ absorption (39). NHE3 activity is highly regulated. Much of this regulation involves large signaling complexes which NHE3 forms with multiple binding partners, some of which bind to the intracellular COOH-terminal ϳ377 aa of NHE3 (12, 14, 15). The Na ϩ /H ϩ exchanger regulatory factor (NHERF) family of multi-PDZ domain containing proteins (NHERFs 1-4) are scaffolds that bind to the middle of the intracellular COOH terminus of NHE3 and form some of the signaling complexes that regulate NHE3 (12-14, 36, 38). The NHERF proteins are present in the apical domain of intestinal and renal proximal tubule Na-absorptive cells and bind multiple proteins in addition to NHE3. These scaffold proteins contain two to four related PDZ domains, and NHERF1 and NHERF2 in addition contain a COOH-terminal ezrin/radixin/moesin binding domain that anchors brush border proteins to the actin cytoskeleton in the intestinal microvilli (4, 5).
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2ϩ ; adenosine 3=,5=-cyclic monophosphate; guanosine 3=,5=-cyclic monophosphate; trafficking; Na ϩ /H ϩ exchanger regulation; Na ϩ /H ϩ exchanger regulatory factor; lysophosphatidic acid THE BRUSH BORDER sodium/hydrogen exchanger, NHE3, belongs to the SLC9A gene family of proteins and is predominantly expressed in the apical surface of small and large intestine and proximal tubules of the kidney where it accounts for the majority of intestinal and renal Na ϩ absorption (39) . NHE3 activity is highly regulated. Much of this regulation involves large signaling complexes which NHE3 forms with multiple binding partners, some of which bind to the intracellular COOH-terminal ϳ377 aa of NHE3 (12, 14, 15 ). The Na ϩ /H ϩ exchanger regulatory factor (NHERF) family of multi-PDZ domain containing proteins (NHERFs 1-4) are scaffolds that bind to the middle of the intracellular COOH terminus of NHE3 and form some of the signaling complexes that regulate NHE3 (12-14, 36, 38) . The NHERF proteins are present in the apical domain of intestinal and renal proximal tubule Na-absorptive cells and bind multiple proteins in addition to NHE3. These scaffold proteins contain two to four related PDZ domains, and NHERF1 and NHERF2 in addition contain a COOH-terminal ezrin/radixin/moesin binding domain that anchors brush border proteins to the actin cytoskeleton in the intestinal microvilli (4, 5) .
The reasons for having four closely related scaffolding proteins in a similar domain in a single cell have been partially resolved with the recognition that the NHERFs are present in somewhat different although closely opposed areas in the apical domain of Na ϩ absorptive cells. NHERF1 and 3 are present at the outer microvillus and NHERF 2 and 4 at the inner microvillus with NHERF4 also cystoplasmic (12, 33, 36, 37) . In addition, the NHERFs bind somewhat different proteins, although they also bind many of the same proteins. In addition, phosphorylation appears to play a role in regulation of NHERF1 but not NHERF2. NHERF1 is phosphorylated as part of signaling in which it participates, which leads at least to decreased binding to NHERF1 substrates when S 77 is phosphorylated (33) . NHERF2 has not yet been shown to be phosphorylated.
The role of the NHERFs in NHE3 regulation is only partially defined. Transfection of specific NHERFs into cell lines lacking that NHERF, knocking down NHERFs by short hairpin RNA in cells that endogenously express that NHERF, or study of knockout mouse models of the NHERF alone or when several members of this gene family are simultaneously knocked out have been used to identify the role of each NHERF in NHE3 regulation. In cell models, NHERF2 has been involved in a majority of NHE3 regulatory signaling pathways, including inhibition by elevated cAMP (35) , cGMP (6) , and Ca 2ϩ (17, 21) and stimulation by lysophosphatidic acid (LPA; 9, 20) and D-glucose (23) . Of note, however, was that NHERF2 was not present in all cell lines studied and overexpression of NHERF2 was often used to evaluate its regulatory function in epithelial cells. The role of NHERF2 in NHE3 regulation has also been evaluated in mice on a FVB/N background (8, 24) . Basal NHE3 activity was not different from that of wild type (WT) in NHERF2-null jejunum, ileum, distal ileum, and colon (8) . In addition, cAMP inhibited NHE3 similarly in WT and NHERF2-null jejunum, ileum, and colon, but, surprisingly, there was no forskolin effect on either WT or NHERF2 distal ileum (8) . Elevated Ca 2ϩ inhibition of NHE3 was NHERF2 dependent in jejunum and colon, and heat-stable Escherichia coli enterotoxin (STa) inhibited NHE3 in jejunum only in the presence of NHERF2 (8) . Given the apparent importance of NHERF2 in some examples of both NHE3 stimulation and inhibition both in cell models and in a mouse model on one specific background (FVB/N), we undertook a comprehensive evaluation of NHE3 regulation in C57BL/6 mice in a specific intestinal segment (distal ileum), with effects of NHERF2 expression determined on basal NHE3 activity and on a spectrum of acute regulation, including inhibition of NHE3 by cAMP, cGMP, elevated Ca 2ϩ and hyperosmolarity, and stimulation by LPA, the goal being to allow separation of general dependence of NHE3 regulation on NHERF2 vs. effects that are cell, background, or intestinal segment specific.
EXPERIMENTAL PROCEDURES
Chemicals. SNARF-4F-AM and Fluo-3-AM were from Invitrogen; nigericin, probenecid, EIPA, 8-bromoadenosine-3=,5=-cyclic monophosphate ( 8-Br-cAMP ), forskolin, heat-stable E. coli enterotoxin (STa), UTP, and LPA were from Sigma; and HOE-694 was a kind gift provided by Juergen Punter (Sanofi/Hoechst, Germany).
Antibodies. Rabbit polyclonal antibodies to NHE3 (Ab1381) and NHERF2 (Ab2570) were previously characterized (16, 34) . Anti-actin and anti-5-bromo-1-(2-deoxy-␤-D-ribofuranosyl) uracil (5-BrdU) antibodies were from Sigma. Anti-PKA antibodies were from Santa Cruz. Anti-cGMP-dependent protein kinase II (cGKII) polyclonal antibodies and anti-NHE3 P552 monoclonal antibodies were as described previously (6, 18, 19) .
Animals. NHERF2 knockout (KO) mice in a FVB/N genetic background were from the de Jonge laboratory, as reported (3). These mice were bred into a C57BL/6 background (Charles River Laboratories, Wilmington, MA), and NHERF2 Ϫ/Ϫ mice were studied at least in the F12 generation.
Male NHERF2 Ϫ/Ϫ and WT C57BL/6 mice were studied between 12-14 wk of age. The mice were maintained under standard light and climate conditions in the animal facility of the Johns Hopkins University School of Medicine with ad libitum access to water and chow. Experiments with animals were carried out using protocols approved by the Animal Care and Use Committee of The Johns Hopkins University.
Metabolic studies. Five experiments were performed with three WT and three NHERF2 KO mice used for each experiment. Animals were individually housed in metabolic cages for 4 days after a 48-h period of acclimatization. The amounts of food and water taken by each mouse were measured daily as was the urine and stool volume and weight. To determine the percentage of water in stool, fresh feces were collected from individual mice, weighed at once, and heated at 80°C overnight before reweighing.
Isolation of ileum for Na ϩ /H ϩ exchange activity assays. Mice were euthanized by cervical dislocation. The abdomen was immediately opened by midline incision, and distal ileum (ϳ3 cm in length ending 1 cm proximal to the ileo-cecal junction) was excised and placed immediately in cold Na ϩ buffer (in mM: 138 NaCl, 5 KCl, 2 CaCl2, 1 MgSO4, 1 NaH2PO4, 25 glucose, 1 probenecid, and 20 HEPES, pH 7.4 ) and opened along the mesenteric border. Six-to eight-millimeter pieces were mounted with Krazy Glue (Elmer's Productions) onto a glass coverslip with the mucosal surface facing up. All preparations were performed on ice. We showed previously that this glue used for mounting had no autofluorescent signal and did not affect tissue viability (26) .
Measurement of NHE3 activity by two-photon microscopy/SNARF-4F-AM loading, imaging, and analysis. The protocol for imaging intracellular pH of mouse ileum using two-photon microscopy was developed and described by us in detail previously (26) . By using a ϫ40/1.00 numerical aperture water immersion objective (Nikon), the images of the ileal villus epithelial cells loaded with the pH-sensitive dye, SNARF-4F-AM in Na ϩ buffer, were visualized using a twophoton laser-scanning microscope (MRC-1024MP, Bio-Rad, Hercules, CA) powered by a wide-band, infrared (780 mm) combined photo-diode pump laser and mode-locked titanium sapphire laser (Tsunami Ti Sa laser, Spectra-Physics, Mountain View, CA). The 8-bit images were recorded and stored after which fluorescence intensity was calculated off-line using MetaMorph software (version 5.0; Molecular Devices) as described previously (26) . Ileum (muscle layers intact) was loaded with 20 M SNARF-4F in Na ϩ buffer at 37°C for 35 min with 95% O 2-5% CO2 gassing and then placed in a perfusion chamber (RC-21BDW, Warner Instruments) on a heated platform (PH Series, Warner Instruments) on the microscope stage (25°C) and perfused, using a peristaltic pump (Ismatec Reglo), over the tissue at 1 ml/min with Na ϩ buffer for 15 min at room temperature. Tissue was then acidified using a prepulse with 60 mM NH 4Cl for 20 min, and then perfused with N-methyl-D-glucamine (NMDA) buffer (same as Na ϩ buffer with NMDA replacing Na ϩ ) for 10 -15 min. To eliminate the contribution of NHE1 and NHE2 activity, 50 M HOE-694 was added to the NMDA buffer. To monitor pH recovery due to Na ϩ /H ϩ exchange activity, the NMDA buffer was switched back to the Na ϩ buffer which also contained HOE-694. No pH recovery occurred in the presence of 100 M EIPA. Regulation of NHE3 was carried out with antagonists and agonists present in all solutions, such that tissues were exposed for 75-80 min to 100 M 8-Br-cAMP, 10 nM STa, 300 M UTP, and 50 M LPA. In contrast, when the effect of hyperosmolarity on NHE3 activity was determined, 50 mM mannitol was added only to the final Na ϩ buffer. Probenecid (1 mM) was present in all perfusates to prevent SNARF-4F leakage (10) .
Images for each optical section (0 -50 m from villus tip at 5-m steps) were taken at 580 and 640 nm and stored, as described previously (26) . These conditions allowed quantifiable signals to be studied up to depths of 40 -50 m from the villus tip with study of cells generally performed ϳ10 -20 m from the villus tip. Calibration of 640/580 ratio was performed using the K ϩ /nigericin method (22) for external pH values: 6.1-6.3; 6.7-6.8; 7.3-7. 5 . Analyses of collected images were performed as described previously (26) . Since the intracellular buffering power was not different in distal ileum from WT and NHERF2-null mice (see below), the Na ϩ /H ϩ exchange activity of NHE3 is reported only as the initial rate in change in intracellular pH (pHi). This was calculated as the initial steep change in pHin over time (usually ϳ1-2 min after Na addition), using linear curve fit analysis (Origin 4.0) and presented as ⌬pH/min.
Determination of the intrinsic intracellular buffering power. The samples of tissue (distal ileum with muscle layers intact) were prepared and loaded with SNARF-4F and examined by using two-photon microscopy as for study of NHE3 activity. Determination of intracellular buffering power (␤i) was performed as previously described by Boyarsky et al. (2) by using decreasing NH4Cl concentrations (60 -1 mM in 10 mM steps with NMDA replaced by NH4Cl in NMDA buffer) and measuring the resultant changes in pHi. ␤i was calculated over a wide range of pHin (pH 6.0 -8.0) with analysis done combining experimental points over every 0.4 pH units. The generated buffering curves showed no difference in intrinsic buffering power in distal ileum between WT and NHERF2 Ϫ/Ϫ mice (Supplemental Fig. S1 ).
Measurement of intracellular Ca 2ϩ in ileal tissue with Fluo-3-AM employing two-photon microscopy.
Ileal tissue isolation and preparation for Ca 2ϩ measurements were performed as for examination of NHE3 activity. Fluo-3-AM (10 M) was loaded into tissue in Na buffer at 37°C for 30 min in the presence of 95% O2-5% CO2. Maximal excitation for Fluo-3 was obtained at 780 nm with emission at 530 nm, and the two-photon approach was identical to what we used for evaluation of pH i. Images of tissue loaded with dye were taken before and after exposure of tissue to UTP (300 M), collected, and stored for off-line analysis. Images were analyzed using MetaMorph software. Changes in intracellular Ca 2ϩ are presented as the relative fluorescence of Fluo-3 (F/F 0), where F0 is the initial fluorescence and F is the final fluorescence (28) .
Immunofluorescence staining of ileum for NHE3 and NHERF2. Ileal tissue samples were fixed in 3.5% paraformaldehyde in PBS at 4°C and paraffin embedded. Histological sections (4 m thick) were mounted onto Superfrost microscope slides (Fisher Scientific, Arlington, VA) and heat fixed. Slides were microwaved for antigen recovery in 10 mM sodium citrate buffer, pH 6 (Sigma Chemical, St. Louis, MO) at power level setting 9 (model NN-C980B Conventional Microwave Oven, Panasonic, Secaucus, NJ) for 2-5 min. After cooling for 30 min, sections were washed in PBS and preblocked with 5% normal goat serum (NGS) in PBS for 30 min at room temperature. Sections were incubated for 1 h at room temperature and then overnight at 4°C with polyclonal anti-NHERF2 or -NHE3 antibodies, diluted 1:500 in 5% NGS-PBS. Ileal sections were then washed twice in PBS for 10 min and incubated for 1 h at room temperature with anti-rabbit Alexa-Fluor secondary antibodies for each diluted 1:100. Sections were washed twice with PBS and autofluorescence was quenched with 1% Sudan Black (Sigma) in 70% methanol for 10 min at room temperature. Sections were counterstained with Hoechst 33342 (Invitrogen) and mounted with Gel Mount (Sigma). Ileal sections were imaged using a Zeiss LSM 510/META confocal fluorescence microscope (ϫ63 objective, oil immersion).
Isolation of ileal total membrane and cytosol from WT and NHERF2
Ϫ/Ϫ mice. All procedures were done on ice or at 4°C. Ileum was rinsed with ice-cold 0.9% saline and opened along the mesenteric border, and ileal villus cells were scraped and placed into homogenization buffer A [in mM: 60 mannitol, 2.4 mM Tris (pH 7.1), 1 EGTA, 1 ␤-glycerol-PO4, 2 Na3VO4, and 1 phenylalanine]. Protease inhibitor cocktail (1:100; Sigma) and phosphorhamidon (1:1,000) were added to buffer. Cells were then homogenized at 4°C with a polytron (10 times for 10 s at speed 5 with a 20-s interval between each burst) followed by homogenization of samples in a glass-teflon homogenizer. The homogenates were centrifuged at 2,000 g for 10 min at 4°C to remove cell debris and nuclei and designated as total lysates. Lysates were then centrifuged at 150,000 g for 60 min, and total membrane (TM) pellets were collected. The resulting TMs were resuspended in buffer B (in mM: 300 mannitol, 20 HEPES, pH 7.4, 5 Mg-gluconate, 1 Na3VO4, 1 ␤-glycerol-PO4, 1 phenylalanine, and protease inhibitors added as in buffer A). The protein concentrations of the TM samples were measured with bicinchoninic acid (Sigma) and subsequently analyzed by SDS-PAGE and Western blotting using primary antibodies for NHE3, PKAII␣, cGKII, NHERF2 and actin and with fluorescently labeled secondary goat anti-mouse or antirabbit IRDye TM 700 or TM 800 antibodies (Rockland). The fluorescence intensity of detected protein bands was visualized by the Odyssey system (LI-COR).
Tissue isolation for morphometric/histologic studies of small intestine and colon. Age-matched WT and NHERF2 KO mice were euthanized by cervical dislocation. The whole intestine and colon were removed and washed twice with cold PBS (pH 7.4). The length of small intestine and colon was measured. For histological studies of ileal tissue, pieces of ileum as defined above were cut open and fixed in 10% neutral-buffered formalin overnight at 4°C. Fixed tissue was embedded vertically in paraffin, and 4-m sections were prepared, deparaffinized in xylene, then rehydrated through a series of graded ethanol exposures, and then stained with hematoxylin and eosin (H&E) or with periodic acid-Schiff (goblet cells). Length of villi and depth of crypts were computed from H&E digital images using MetaMorph software (version 5.0; Molecular Devices). Numbers of epithelial, goblet, and Paneth cells were counted manually using H&E and periodic acid-Schiff digital images, respectively, with MetaMorph software. For morphometry, at least 10 -15 fields of villi and crypts from six mice of each genotype were examined.
Cell proliferation assay. Eight-week-old WT and NHERF2 KO mice were injected intraperitoneally with 5-BrdU (100 mg/kg; Sigma) and euthanized 2 h later. Tissue preparation for BrdU staining was performed as described above, with modifications listed. Sections were fixed in 4% paraformaldehyde for 4 h at room temperature. Fixed tissue was then embedded vertically in paraffin and sectioned (4 m). After deparaffinization and rehydration in ethanol, tissues were washed in cold PBS and incubated with H2O2 (3%) and NaN3 (1 mM) in PBS for 20 min at room temperature to block endogenous peroxidase activity. DNA was denatured by incubating tissues with HCl (1 N) for 15 min at 37°C. To decrease antigen masking by DNA-binding proteins or histones, tissues were digested with trypsin (1 mg/ml Sigma) for 30 min at room temperature. After being washed in cold PBS, tissues were exposed to Blocking Reagent (Roche) for 1 h at room temperature. Anti-BrdU monoclonal antibody (Sigma) was used at 1:100 dilution and incubated with tissues overnight at 4°C, then washed three times for 5 min in Tris-buffered saline (in mM: 25 Tris, pH 7.5 , and 150 NaCl) and incubated with secondary fluorescent (Alexa-Fluor 488, 1:100) antibodies for 1 h, washed again, and analyzed by confocal microscopy. Fluorescent image acquisition of tissue was performed using a Zeiss 510 LSM/META confocal imaging system. Eight-bit images were collected and stored. BrdU-labeled cells in crypts were manually counted in a blinded fashion and data are presented from three WT and three NHERF2-null mice studied in each of two identical experiments, with three to four crypts per field studied from six fields for each mouse.
Phosphorylation of NHE3 assay in ileal tissues treated with forskolin. Ileum harvested as above was preincubated for 15 min at 37°C in Ringer-HCO 3 Ϫ /25 mM glucose, gassed at 95% O2-5% CO2, and then exposed at 37°C to 10 M forskolin or equal volume of DMSO (as control) for 15 min. Specimens studied in parallel and handled in an identical manner were processed to isolate total lysate. SDS-PAGE and Western blot analysis with anti-phospho-552-NHE3 antibodies were performed, as described previously (19) .
Statistics. Values are presented as means Ϯ SE. Statistical significance was determined using Student's unpaired and paired t-tests and one-way ANOVA. P Ͻ 0.05 was considered significant.
RESULTS

Characteristics of NHERF2
Ϫ/Ϫ mice in C57BL/6 background. NHERF2-null male mice bred into a C57BL/6 background appeared grossly like WT mice and had similar weights ( Ϫ/Ϫ and WT mice consumed similar amounts of food and water. There were no differences in the urine volume and stool number. The percentage of water in stool of NHERF2 Ϫ/Ϫ mice was ϳ8% higher than in WT, but this difference was not statistically significant (P ϭ 0.08). Changes in ileum in NHERF2 Ϫ/Ϫ mice. Since the goal of our study was to determine the role of NHERF2 in regulation of NHE3 activity in distal ileum, we restricted the histological studies to this part of the small intestine, the distal 3 cm ending ϳ1 cm proximal to the cecum. Histological analysis of ileum of NHERF2 Ϫ/Ϫ mice showed some mild abnormalities compared with WT ileum. As shown by Fig. 1, B and C, in NHERF2 Ϫ/Ϫ mice the villus-to-crypt ratio was decreased (2.1 Ϯ 0.1) compared with the ratio in WT (3.2 Ϯ 0.2, P Ͻ 0.05). The changes in villus-to-crypt ratio might be explained by changes in size of villus and/or crypt. Morphometric analysis of length of villi and depth of crypts (Fig. 1C) showed that the villi in ileum of NHERF2 Ϫ/Ϫ are shorter compared with WT ileum (147. Figure 1B also shows that the thickness of villi from NHERF2 Ϫ/Ϫ ileum was increased compared with WT. Analysis of histological sections of ileal tissue from six different mice showed that this increase in villus thickness occurred because of expansion of the lamina propria. We determined whether the reduction of villus length was due to changes in the numbers and/or size of the columnar epithelial cells. The number of epithelial cells (Fig. 1D) . While the number of goblet cells in NHERF2-null villi was not changed, the number in the crypts was decreased compared with WT ( Fig. 1E) . 
Epithelial proliferation is not altered in NHERF2
Ϫ/Ϫ mice. BrdU incorporation was used to assess epithelial proliferation. As in WT ileum, BrdU-positive cells in NHERF2 Ϫ/Ϫ ileum were restricted to the crypts and transit-amplifying cell population. The number of BrdU-positive cells was not significantly altered in crypts of NHERF2 Ϫ/Ϫ mice compared with WT ileal crypts (Fig. 2) .
NHERF2 is required for maintaining normal basal rate of NHE3 activity in mouse ileum. The initial rate of NHE3 activity after intracellular acidification in distal ileum from NHERF2 Ϫ/Ϫ mouse was determined. To assess NHE3 activity in intact tissue, changes in intracellular pH were measured using the pH-sensitive dye SNARF-4F-AM and two-photon microscopy under basal conditions after NH 4 ϩ 
The expression level of NHE3 remains unchanged, but cellular distribution is altered in NHERF2
Ϫ/Ϫ ileum. To understand the molecular mechanism of decreased basal NHE3 activity, we performed Western blotting of total membrane fractions isolated from ileum of NHERF2 Ϫ/Ϫ and WT mice. As shown in Fig. 3B , the total amount of membrane associated NHE3 was not different in NHERF2
Ϫ/Ϫ and WT mice. However, immunohistochemical analysis revealed differences in the distribution of NHE3 in WT and NHERF2 Ϫ/Ϫ ileum. In WT mice (Fig. 3C, top left) , NHE3 (red fluorescence) was localized predominantly to the brush border of the ileum, whereas in NHERF2-null ileum the amount of brush border NHE3 was decreased while intracellular NHE3 was increased (Fig. 3C, top right) . Figure 3C , bottom left, shows the presence of NHERF2 protein (red fluorescence) in WT ileum where it is mostly in the apical domain. In Fig. 3C , bottom right, the absence of immunofluorescence in NHERF2 Ϫ/Ϫ ileum is shown. The difference in distribution of NHE3 with lower amount of protein in the brush border of NHERF2 Ϫ/Ϫ ileum is the likely explanation for the reduced NHE3 activity in NHERF2 Ϫ/Ϫ mice. The decrease in the number of villus epithelial cells is likely to contribute to a further decrease in total NHE3 activity. Of note, the ratiometric fluorescence technique used here to measure NHE3 activity measures rates for a similar surface area in a few epithelial cells repeated in at least three to four individual villi and is not usually affected by changes in total villus surface area or number of cells.
Inhibition of NHE3 activity by cAMP is abolished in ileum of NHERF2
Ϫ/Ϫ mice. In the PS120 fibroblast cell line stably expressing exogenous NHE3 and NHERF1 or NHERF2, the presence of either NHERF1 or NHERF2 is necessary and sufficient for cAMP-mediated inhibition of NHE3 activity (35) . Our previous study of NHERF1 Ϫ/Ϫ ileal tissue demonstrated that NHERF1 is not required for cAMP-induced inhibition of ileal NHE3 activity (26) . Therefore, we examined the role of NHERF2 in cAMP-mediated inhibition of ileal NHE3 activity. Figure 4A shows that 100 M 8-Br-cAMP decreased NHE3 activity in ileum from WT mice but had no effect in ileum from NHERF2-null mice. This result indicates that the ileal epithelial cells compared with WT ileum. The tissue was loaded with 20 M SNARF-4F, and EIPA-sensitive basal NHE3 activity in ileum was determined by twophoton microscopy as the initial rate of Na ϩ -induced alkalinization after an acute acid load. Fifty micromolar HOE-694 was present to eliminate the contribution of NHE1 and NHE2 activities to initial rates. Results are means Ϯ SE. n, no. of mice studied. B: the total amount of NHE3 in NHERF2
Ϫ/Ϫ ileal mucosa [total membrane (TM)] was similar to that of WT mice. Equal amounts of protein of total membranes and cytosolic fractions (Cyto) were separated on 10% SDS-PAGE and immunoblotted for NHE3 (1:1,000 dilution of primary antibody) and actin (1:3,000). A representative experiment that was repeated 3 times is shown. C: distribution of NHE3 (red) in ileum of NHERF2 Ϫ/Ϫ mice compared with WT ileal tissue. Intact ileum was obtained from WT and NHERF2 Ϫ/Ϫ mice, fixed, and paraffin embedded. Histological sections were stained with polyclonal antibodies to NHE3 (top left for WT and top right for NHERF2 Ϫ/Ϫ ileum) and NHERF2 (bottom left for WT and bottom right for NHERF2 Ϫ/Ϫ ileum), then visualized by fluorescent secondary antibodies and confocal microscopy. For WT ileum, NHE3 and NHERF2 were predominantly localized to the BB of epithelial cells. Some intracellular staining for NHERF2 was present. For NHERF2 Ϫ/Ϫ ileum, the distribution of NHE3 was changed. There was a smaller NHE3 pool in the BB compared with WT. More intracellular NHE3 staining was present. NHERF2 expression was present in the apical domain of WT ileum but, as expected, was completely lost in the apical domain of epithelial cells from NHERF2 Ϫ/Ϫ mice. Scale bar in C, 10 m.
effect of cAMP is dependent on NHERF2 in mouse ileal epithelial cells, and that NHERF1 is not able to reconstitute the inhibitor effect of cAMP in distal ileum. Next, the mechanism of cAMP inhibition of ileal NHE3 activity was studied.
Expression of PKAII␣ and level of cAMP-mediated phosphorylation of NHE3 at amino acid residue 552 are normal in NHERF2
Ϫ/Ϫ mice. Previously, we showed that in mouse ileum, cAMP-mediated inhibition of NHE3 activity occurs entirely through a PKA-dependent pathway with no contribution of exchange protein directly activated by cAMP (EPAC) (26) . NHERF2 knockout in ileum reduced cAMP-mediated NHE3 inhibition. Consequently, we determined the level of PKAII␣ expression in NHERF2 Ϫ/Ϫ ileum. As shown by Fig. 4B , the expression of PKAII␣ in total ileal membranes from WT and NHERF2-null mice was similar. It is known that PKAII␣ phosphorylates NHE3 at two amino acid residues, 552 and 605, which are needed for cAMP to inhibit NHE3 (18) . Western blot analysis of total lysate in Fig. 4C shows that increased phosphorylation of NHE3 at amino acid residue 552 occurs similarly in ileum from WT and NHERF2-null mice treated with forskolin (10 M) for 15 min. The phosphorylation of NHE3 at amino acid 605 could not be reproducibly detected in mouse ileum by immunoblotting. Since cAMP-mediated phosphorylation of NHE3 is normal at least at the 552 amino acid residue in NHERF2-null ileum, we conclude that NHERF2 might be involved in a step in cAMP inhibition of NHE3 activity downstream of NHE3 phosphorylation by protein kinase A.
Inhibition of NHE3 activity by cGMP/cGKII is abolished in ileum of NHERF2
Ϫ/Ϫ mice. NHERF2 is required for cGMP regulation of NHE3 activity in cell models of NHE3 regulation. NHERF2 reconstitutes inhibition of NHE3 activity by cGMP in PS120 cells, opossum kidney (OK) polarized renal proximal tubule cells, and polarized intestinal Caco-2 cells when the cells transiently express cGKII but not in the absence of this kinase (6, 30) . To study the role of NHERF2 in regulation of NHE3 activity by cGMP in intact distal ileum, 10 nM heat-stable toxin (STa) from E. coli was used. This toxin binds to the same apical membrane receptor as endogenous guanylin and activates guanyl cyclase C to elevate intracellular cGMP (29) . In Fig. 5A is shown that apically placed heat-stable toxin reduced the NHE3 activity by 46% in ileum from WT mice, while in NHERF2-null ileum the effect of toxin was abolished. The evaluation of cGKII expression by immuno- Ϫ/Ϫ total ileal lysates. Control of protein loading was with anti-␤-actin. Representative experiment that was repeated 3 times is shown. C: NHE3 in ileal tissue from NHERF2 Ϫ/Ϫ mice is phosphorylated at amino acid residue 552 after cAMP exposure similarly to WT ileal tissue. Ileal tissue from WT and NHERF2 Ϫ/Ϫ mice was excised and incubated with 10 M forskolin (FSK) and then most villus cells obtained by scrapping the mucosa and total lysates prepared. Representative Western blot shows separation of equal amount of proteins on 10% SDS-PAGE, and immunostaining with antibodies that recognize phosphorylated NHE3 at aa residue 552 increased with cAMP in both WT and NHERF2-null. Loading control was ␤-actin, which was used for normalization. A representative experiment that was repeated 3 times is shown.
blotting total membranes from WT and NHERF2 Ϫ/Ϫ ileum indicates that the level of kinase was not different in WT and NHERF2-null mice (Fig. 5B ). These results demonstrate that NHERF2 is necessary for cGMP/cGKII-mediated inhibition of NHE3 activity by a process that is not associated with abnormal levels of cGKII, similar to the situation with cAMPmediated inhibition.
NHERF2 is necessary for Ca 2ϩ -mediated inhibition of NHE3 activity. In the PS120 cell and Caco-2 models, NHERF2 has been shown to be necessary for Ca 2ϩ inhibition of NHE3 activity (17, 21, 30) . To determine the role of NHERF2 in NHE3 regulation in intact ileal tissue, we treated ileum with UTP (300 M) applied apically. In WT ileum (Fig. 6A) , UTP inhibited NHE3 activity but had no effect on NHE3 activity in NHERF2 Ϫ/Ϫ ileum. UTP increases intracellular Ca 2ϩ in airway epithelial cells (25, 31) . However, the mechanism of the UTP effect on small intestinal epithelial cells is unknown. Therefore, the UTP effect on intracellular Ca 2ϩ was evaluated in ileum. For this purpose, ileal tissue was loaded with the Ca-sensitive dye, Fluo-3-AM (10 M). UTP elevated the ileal Ca 2ϩ concentration [increased the relative fluorescence (F/F 0 ratio) of the Fluo-3 dye], which was monitored with a twophoton microscope. Figure 6B shows that UTP caused a similar rapid and prolonged (20 min) increase in Ca 2ϩ in both WT and NHERF2 Ϫ/Ϫ ileum. Thus, the lack of UTP inhibition of NHE3 in NHERF2 knockout mice confirms in intact ileum that NHERF2 is necessary for elevated Ca 2ϩ -mediated inhibition of NHE3 activity.
Hyperosmolarity inhibits NHE3 activity similarly in both WT and NHERF2
Ϫ/Ϫ ileal tissue. The inhibitory effects of cAMP, cGMP, and UTP on NHE3 activity were all abolished in ileal tissue from NHERF2 Ϫ/Ϫ mice. The question thus arises whether NHERF2 is necessary for all inhibitory regulation of NHE3 activity. To address this question, we examined the effect of hyperosmolarity on NHE3 activity in NHERF2 Ϫ/Ϫ ileum. It is known that hyperosmolarity inhibits NHE3 activity acutely and that this process does not involve NHE3 phosphorylation or trafficking of NHE3 in cell models (27) . To increase osmolarity in Na ϩ buffer, we used mannitol (50 mM). As shown by Fig. 7 , addition of 50 mM mannitol to Na ϩ buffer decreased NHE3 activity in WT ileum by 37 Ϯ 9% (n ϭ 5 for control and treated ileum, P Ͻ 0.05). Hyperosmolarity similarly decreased NHE3 activity in NHERF2 Ϫ/Ϫ ileum by 23 Ϯ 9% (n ϭ 5 for control and treated mice, P Ͻ 0.05). The percentage of NHE3 inhibition with mannitol was not significantly different in WT and NHERF2-null ileum. These results show that NHERF2-null ileum can respond similarly to WT for at least one form of acute inhibition.
LPA treatment increase in NHE3 activity in distal mouse ileum is NHERF2 dependent. As shown above, intracellular elevation of cAMP, cGMP, and calcium inhibits NHE3 activity in mouse distal ileum, which in all cases is NHERF2 depen- Fig. 7 . Hyperosmolar inhibition of ileal NHE3 activity occurs similarly in WT and NHERF2
Ϫ/Ϫ ileum. Fifty millimolar mannitol was added only to the final Na buffer in studies measuring ileal NHE3 activity (see EXPERIMENTAL PRO-CEDURES). Basal NHE3 activity and effect of mannitol are shown as means Ϯ SE in WT (n ϭ 10) and NHERF2 Ϫ/Ϫ (n ϭ 10) ileum. Hyperosmolarity significantly inhibited NHE3 activity in both WT and NHERF2 Ϫ/Ϫ ileum. P values represent comparison of effect of hyperosmolarity in WT and NHERF2 ileum by one-way ANOVA. mice. Intact ileal tissue was loaded with 10 M Fluo-3 for 30 min at 37°C and mounted into a flow chamber, and images were stored and analyzed as described in EXPERIMENTAL PROCEDURES. UTP caused a rapid increase in fluorescence ratio F/F0, demonstrating rapid increase in intracellular Ca 2ϩ , which remained elevated for at least 20 min in both WT and NHERF2 dent. Earlier, we showed that LPA increases NHE3 activity in polarized renal proximal tubule cells (OK cell line) and this activation is NHERF2 dependent (7, 20) . More recently, LPA was shown to stimulate NHE3 activity in Caco-2 cells and to increase net fluid absorption in mouse intestine in a NHERF2-dependent manner (24) . To date, LPA has not been shown to affect NHE3 activity in distal mouse ileum. In Fig. 8 is shown that luminal exposure of distal ileum to 50 M LPA for 30 min (20 min in NH 4 ϩ buffer and 10 min in NMDA buffer) increases NHE3 activity in distal ileum from WT mice from 0.13 Ϯ 0.01 ⌬pH/min in control to 0.23 Ϯ 0.03 ⌬pH/min in LPA-treated ileum (n ϭ 4 for control and treated tissues, P Ͻ 0.05). There was no LPA effect on NHE3 activity in distal ileum from NHERF2 Ϫ/Ϫ mice. The NHE3 activity in NHERF2 Ϫ/Ϫ ileum under control and LPA-treated conditions was 0.16 Ϯ 0.01 and 0.13 Ϯ 0.02 ⌬pH/min, respectively (n ϭ 4 for each group; P ϭ not significant).
DISCUSSION
These studies examined the effect of knocking out NHERF2 in basal and acutely regulated NHE3 activity in distal ileum of C57BL/6 mice. The results support conclusions gained from our previous studies, that members of the NHERF multi-PDZ domain family are necessary for regulation of many aspects of NHE3 activity in an intestinal segment and agonist-specific manner. The current studies were performed in distal ileum (defined as the distal ϳthird of the ileum). We studied NHE3 regulation in this segment because both human and mouse distal ileum have some specificity for vitamin B12 and Nadependent bile salt absorption, demonstrating that it functions as a unique intestinal transporting region (1, 11) .
The current studies demonstrated that in distal ileum, NHERF2 is necessary for 1) setting basal NHE3 activity, since knocking out NHERF2 lowers basal NHE3 activity; 2) inhibition of NHE3 by elevation of cAMP, cGMP, and Ca 2ϩ ; and 3) stimulation of NHE3 by LPA. In contrast, NHERF2 is not necessary for hyperosmolar inhibition of NHE3 activity. We also began mechanistic studies to understand how NHERF2 is involved in setting NHE3 activity. Some ileal structural changes occurred in the NHERF2 knockout ileum. These included decreased villus length, increased crypt depth, and a decrease in total number of villus epithelial cells. The two-photon microscopy/SNARF-4F fluorescence technique used to measure NHE3 activity in villus epithelial cells uses a ratiometric approach, and thus the decrease in villus length or number of epithelial cells, or even changes in surface area, did not contribute to the results. These findings do indicate, however, that the effect of NHERF2 knockout on intestinal NHE3 activity was even larger than indicated in these studies due to magnification of effects of reduced NHE3 activity by reduced absorptive surface area/less number of villus Na-absorptive cells on rates of Na absorption. What accounts for these ileal structural changes is unknown but is not explained by changes in proliferation in the NHERF2 knockout mice compared with WT.
The decreased basal rate of NHE3 activity in ileal villus epithelial cells in NHERF2-null mice appears to be due to less brush border NHE3, with normal total membrane NHE3 amount, and more intracellular NHE3 (Fig. 3) . The explanation for these findings is likely due either to failure of NHE3 to traffic to the apical domain or failure to fix the NHE3 that does traffic to the apical membrane domain. Of note, these results differed from NHERF2 knockout mice on a FVB/N background, in which basal intestinal (jejunal, ileal, distal ileal, and colon) NHE3 activity was not changed compared with WT. This correlated with similar total expression of NHE3 in jejunum and colon of WT vs. NHERF2-null mice (8) . In contrast, in Caco-2 cells in which NHERF2 was knocked down, basal NHE3 activity and surface NHE3 were both increased, although there was no change in total NHE3 expression (30). The latter finding was interpreted to indicate that NHERF2 played a role in maintaining a storage pool of NHE3 which was not accessible to apical labeling with biotin and which moved more apically when NHERF2 was reduced (23). Thus, there do not appear to be consistent differences in basal NHE3 activity comparing WT and models with reduced or absent NHERF2 expression across cells or even intestinal segments of mice from different backgrounds. While the studies in Caco-2 cells and mouse distal ileum suggest a role for NHERF2 in setting the basal location of NHE3 at the base of microvilli or in the intervillus cleft or terminal web, based on the method used to localize NHE3, additional mechanistic studies of this role for NHERF2 are needed.
Further studies were performed of acute regulation of NHE3. Since most of the acute regulatory processes that affect NHE3 in distal ileum are NHERF2 dependent, it was necessary to ask whether all aspects of regulation of NHE3 were NHERF2 dependent. That the previously described (27) hyperosmolar percent inhibition of ileal NHE3 activity was quantitatively similar in NHERF2-null mice to the effect in WT mice served as a positive control for NHERF2 dependence of regulation of NHE3 activity and showed that failure of cAMP, cGMP, and elevated Ca 2ϩ to inhibit NHE3 activity in NHERF2-null ileum was not a general phenomenon.
Both elevated cGMP/cGKII and Ca 2ϩ inhibition of NHE3 were NHERF2 dependent, with NHERF1 and NHERF3, which are present in mouse small intestinal brush border membrane vesicles in these mice in increased amounts (6, 38) , unable to make up for the loss of NHERF2. These data support results obtained in the past by studying effects of cGKII-specific agonists (8-cpt-cGMP) in the presence of cGKII and of elevated Ca 2ϩ in inhibiting NHE3 in fibroblasts, polarized OK cells, and Caco-2 cells (6, 30) , as well as in mouse jejunum on a FVB/N background. For these effects, NHERF2 takes part in forming signaling complexes that regulate NHE3. NHERF2 binds to the NHE3 COOH terminus but at the same time binds to specific signaling molecules, which is one way for conferring specificity to its regulatory role. For instance, for cGMP inhibition of NHE3 studied in PS120 fibroblasts and OK cells, NHERF2 bound to cGKII which also bound to the plasma membrane directly, which caused us to suggest that NHERF2 acted as a G kinase-anchoring protein (6) . Similarly for elevated Ca 2ϩ inhibition of NHE3, again in PS120 cells and rabbit ileum, NHERF2 bound ␣-actinin-4 with elevated Ca 2ϩ with the ␣-actinin-4 EF hands domain presumably magnifying the elevation of Ca 2ϩ near the intracellular COOH terminus of NHE3 (17) . The similarity of these aspects of acute NHE3 regulation in NHERF2 knockout ileum and some cell lines lacking endogenous NHERF2 suggests that these models can be used to further probe the mechanisms of these aspects of NHE3 regulation. Please note, that this is the initial demonstration that apically administered UTP elevated intracellular Ca 2ϩ in mouse small intestine and inhibited NHE3 activity in WT mice.
cAMP inhibition of NHE3 was NHERF2 dependent in mouse ileum. This is the aspect of NHE3 inhibition in which tissue specificity of a NHERF2-dependent effect has been most clearly demonstrated. In PS120 cells and Caco-2 cells, either NHERF1 or NHERF2 is sufficient to allow cAMP inhibition of NHE3. This is not true in ileum, in which NHERF2 is necessary and cAMP inhibition does not occur in the absence of NHERF2 as demonstrated here. In this case, neither NHERF1 nor NHERF3, both of which are present in the mouse villus Na-absorptive cells, was able to reconstitute cAMP inhibition of NHE3. Please note that in mouse proximal tubule, cAMP inhibition of NHE3 is NHERF1 dependent and thus no clear pattern of cAMP-dependent inhibition of NHE3 activity has emerged in which the effect is dependent on either NHERF1 or NHERF2. What accounts for this tissue and cell specificity of NHE3 inhibition by cAMP is not known. What is known from our studies, however, is that the NHERF2 dependence probably occurs downstream of PKA-dependent phosphorylation of mouse ileal brush border NHE3, since PKAII levels are normal and cAMP phosphorylates ileal NHE3 normally, at least at aa 552, in NHERF2-null mice. This is the initial demonstration that some acute stimulation of NHE3 in intact small intestine (by LPA) is NHERF2 dependent. LPA is an inflammatory mediator which is increased in the reparative stages of inflammation. We previously reported that LPA acutely stimulates NHE3 activity in polarized OK cells (20) , and this recently was shown to be dependent on the LPA5 apical membrane receptor (24) . In a cell model, 1) the LPA stimulation of NHE3 was associated with elevation of intracellular Ca 2ϩ , the magnitude of which was NHERF2 dependent and related to PLC␤3 binding to NHERF2 (9); and 2) the magnitude of the NHE3 stimulation correlated with the extent of elevation of intracellular Ca 2ϩ (9) . Thus the LPA stimulation of NHE3 is another of several examples of conditions in which an elevation of intracellular Ca 2ϩ is associated with stimulation of NHE3 activity rather than with the more common inhibition of NHE3 activity, as occurs with carbachol and serotonin (36 -38) .
Thus having defined specific NHERF2-dependent aspects of mouse distal ileal tissue structure, basal transport, cAMP, cGMP, and Ca 2ϩ -dependent acute inhibition and LPA acute stimulation, the challenge remains to understand mechanistically in more detail what accounts for the role NHERF2 plays in this regulation. The clues identified are that some aspects of the effects of NHERF1 and/or NHERF2 in NHE3 regulation exhibit organ and tissue specificity (basal and cAMP), while other aspects of NHE3 regulation always appear to be NHERF2 dependent (cGMP/cGKII, elevated Ca 2ϩ , LPA), while still other regulatory aspects of NHE3 are not at all NHERF2 dependent (hyperosmotic inhibition). The current studies indicate that further mechanistic studies of how NHERF2 contributes to NHE3 regulation can be performed in the simplest polarized Na-absorptive epithelial cell modes, such as Caco-2 cells, with concentration on the roles of NHERF2 that are seen uniformly across cell lines, tissues, and different mouse backgrounds. 
